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Abstract
In electrochemiluminescence (ECL) studies, Tris (bipyridine)ruthenium(II) 
chloride (Ru(bpy)3
2+) and its derivatives have been used as primary luminophores 
since 1972. The flexible solubility in both aqueous and non-aqueous medium and 
the remarkable intrinsic properties like chemical, optical and desirable electro-
chemical behavior drives the researcher to use Ru(bpy)3
2+ and its derivatives as 
highly active ECL probes in modern analytical science. Novel surface modification 
of Ru(bpy)3
2+ based ECL platforms are highly useful in the selective and sensitive 
detection of biomolecules, DNA analysis, immunoassays detection, and imaging 
of the biologically important molecules in cells and tissue of living organisms. This 
chapter discusses and highlights the most significant works in Ru(bpy)3
2+ based 
ECL properties of reaction mechanisms and their applications.
Keywords: electrochemiluminescence, Ru(bpy)3
2+, biosensor, annihilation 
mechanism, co-reactant mechanism
1. Introduction
The Electrochemiluminescence (ECL) is a process where the emission of light 
occurs by an excited luminophore molecule generated by reactive intermediates at 
the interface of the electrode and electrolyte [1]. It involves in three different kinds 
of processes. The first process is an electrical step, where the reactive intermedi-
ates of luminophores are generated at the electrode-electrolyte interface during 
the scanning of potential or applying a constant potential. In the second step, an 
energetic electron transfer occurs between the reactive intermediate which leads 
to the formation of an excited luminophore. Then the third step is a luminescence 
process, where the excited luminophore emits light during relaxation to the ground 
state. The first ECL reaction was observed by David M. Hercules in 1964, which 
deals with the ECL of Rubrene molecule in a non-aqueous medium [2].
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1.1 ECL principle
In general, the ECL principle involves the conversion of electrical energy into 
radiative energy through a chemical reaction [1]. The energy required to produce 
an exciting luminophore molecule by the electrochemical method is referred to as a 
change of enthalpy which is denoted as ΔH [3]. The enthalpy change of a particular 
ECL reaction can be calculated by using the following equation.
 ( ) oxi redH eV eV−∆ = 0 0in E –E – 0.16  (1)
-ΔH refers enthalpy change, and E0
oxi is oxidation potential, E0
red is the reduc-
tion potential of the luminophore or co-reactant molecules. The numerical value of 
0.16 eV is entropy factor (TΔS).
The energy required to generate first singlet excited state is determined by  
following equation.
 ( ) ( )sE in 1239.8/eV nm= λ  (2)
If, -ΔH≤Es, then the ECL system is referred as energy deficiency system; for 
energy sufficient system, -ΔH≥ Es.
1.2 Reaction mechanisms
Normally, ECL reactions follow only two kinds of reaction mechanisms named 
as annihilation mechanism and co-reactant mechanism. The reaction mechanism of 
any ECL system depends on the reaction conditions such as the selection of lumino-
phore, potential sweep direction, and nature of electrolyte.
1.2.1 Annihilation mechanism
In the annihilation mechanism, only luminophore molecule alone will partici-
pate in the emission of light. The luminophore get oxidizes at anode during the posi-
tive potential sweep direction (anode direction) to generate cationic intermediate 
or cationic radical intermediate. At the same time, the anionic radical intermediate 
of luminophore molecule was generated at the cathode during the potential sweep 
towards cathode direction. Then an energetic electron transfer occurs between 
highly energetic anionic and cationic reactive radicals, leads to produce one excited 
and one ground state luminophore molecule. The excited luminophore molecule 
comes to the ground state by emitting energy in the form of photons. For example, 
the emission of light by Ru(bpy)3
2+ molecule in acetonitrile with tetrabutylammo-
nium tetrafluoroborate (TBABF4) as an electrolyte is the best example of annihila-
tion mechanism [4]. The reaction mechanism is given below.
 ( ) ( ) ( )Ru bpy Ru bpy e at vs SCE+ + −→ + =2 3 03 3 oxidation anode E 1.2V  (3)
( ) ( ) ( )Ru bpy e Ru bpy at vs SCE+ +−+ → = −2 1 03 3 reduction cathode E 1.4 V  (4)
 ( ) ( ) ( ) ( ) ( )Ru bpy Ru bpy Ru bpy Ru bpy+ + + +∗+ → +1 3 2 2
3 3 3 3
excitation  (5)
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 ( ) ( ) ( )Ru bpy Ru bpy hν+∗ +→ +2 2
3 3
emission  (6)
For the sake of better understanding the above mechanism is shown in Figure 1. 
The annihilation mechanism occurs only in organic electrolytes and it requires a wider 
potential window in order to obtain the ECL. Because of the gas evolution reactions 
(oxygen and hydrogen evolution), the annihilation mechanism is not taking place in 
an aqueous medium.
1.2.2 Co-reactant mechanism
The drawbacks of the annihilation mechanism are overcome by adding an 
additional reagent called as a co-reactant along with the luminophore, and the 
mechanism is called a co-reactant mechanism. In this type of mechanism two 
reagents were taken into the account, one is luminophore and the other is a co-
reactant molecule. Further, the narrow potential window is sufficient to gain the 
ECL and it is applicable in both organic and aqueous electrolytic medium. Based on 
the potential sweep direction the co-reactant mechanism is further classified into 
two types which are discussed below.
1.2.2.1 Oxidative-reduction mechanism
The potential window is fixed to only the anodic region. The co-reactant get 
oxides first at the anode to form oxidizing radical intermediate which has the high 
Figure 1. 
The schematic representation of annihilation mechanism of Ru(bpy)3
2+ molecule in acetonitrile.
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reducing ability, then luminophore oxidizes to produce cationic reactive intermedi-
ate. After that, the co-reactant intermediate reduces the luminophore intermediate 
to generate an excited luminophore which emits light during energetic electron 
transfer reaction. The ECL of Ru(bpy)3
2+ and tri-n-propyl amine (TPrA) system 
is the best example of an oxidative-reduction mechanism [5]. The reaction mecha-
nism of Ru(bpy)3
2+/TPrA system is given below.
 ( ) ( )Ru bpy Ru bpy e+ + −→ +2 3
3 3
 (7)
 e+ −→ +TPrA TPrA●  (8)
 + +→ +TPrA TPrA H● ●  (9)
 ( ) ( )Ru bpy Ru bpy+ +∗ ++ → + = −3 2
3 3
TPrA pr N CH CH CH●
2 2
 (10)




2+ is luminophore and TPrA acts as co-reactant. The schematic 
illustration for above reaction mechanism is also shown as Figure 2.
1.2.2.2 Reductive-oxidation mechanism
In this mechanism, the ECL is obtained by sweeping the potential exclusively to 
the cathode direction. The cathodic co-reactant gets reduced during cathodic poten-
tial scan where it produced high oxidizing ability of radical intermediate and then 
Figure 2. 
The schematic illustration of oxidative-reduction mechanism of Ru(bpy)3
2+ molecule and TPrA.
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the followed by luminophores reduces to produce the anionic reactive intermedi-
ates. After that, the reduced radical intermediate of co-reactant oxidizes the anionic 
intermediate of the luminophore to form an excited luminophore which finally 
emits light. One of the classical examples for the reductive-oxidation mechanism is 
the ECL of Ru(bpy)3
2+/per-sulphate (S2O8
2−) [6]. The reaction mechanism of this 
system is shown below.
 e SO SO− − − −+ → +2 22 8 4 4S O
●  (12)
 ( ) ( )Ru bpy e Ru bpy+ +−+ →2 1
3 3
 (13)
 ( ) ( )Ru bpy SO Ru bpy SO+ +∗− −+ → +1 2 24 43 3
●  (14)




2+ is luminophore and S2O8
2− acts as co-reactant. The above 
mechanism is also given as schematic diagram which is indicated as Figure 3.
1.3 Role of Ru(bpy)3
2+and its derivatives as a luminophores in ECL
The first ECL experiment with Ru(bpy)3
2+ as a luminophore was performed 
by A.J. Bard et al. in 1972 [4]. This discovery brought brightness to the ECL and 
Figure 3. 
The scheme of reductive-oxidation mechanism of Ru(bpy)3
2+ molecule and persulfate.
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created an endless platform for researchers to study the various kinds of ECL reac-
tions. However, the ECL of Ru(bpy)3
2+ was limited to organic electrolytes because 
the ECL follows annihilation mechanism which requires wide range potential 
window. To overcome this problem the ECL reaction within the narrow potential 
window was performed by taking additional reagent along with Ru(bpy)3
2+ mol-
ecule. The first luminophore-co-reactant ECL reaction was carried out in 1981 by 
A.J. Bard group [7], oxalate was used as a first co-reactant to study the ECL reaction 
of Ru(bpy)3
2+ molecule. Later on, various types of co-reactants were discovered 
like tri-n-propyl amine (TPrA), triethylamine (TEA), diethylamine (DEA), 
NADH, ascorbic acid, 2-(dibutyl amino) ethanol (DBAE), per-sulphates, hydrogen 
peroxide and glutathione etc [8]. Ru(bpy)3
2+/co-reactant based ECL system plays 
a key role in a variety of analytical and clinical diagnostic applications. Recently 
in-situ generated co-reactants such as sulphate anion radicals and hydroxyl radicals 
also used as a new class of co-reactants to study the ECL of Ru(bpy)3
2+ molecule 
in the aqueous system by using boron-doped diamond electrode (BDD) [9]. The 
superior ECL luminophore activity of Ru(bpy)3
2+ molecule over the other lumi-
nophores is due to the high luminescent properties, elevated solubility in both 
organic and aqueous medium at room temperature, the reversible redox properties 
at the relevant potential region and high ECL quantum efficiency [10]. In general, 
Ru(bpy)3
2+ has d6 electronic configuration with octahedral structure, the emission 
of light is due to the metal to ligand charge transfer (MLCT) transition. The emis-
sion wavelength of Ru(bpy)3
2+ lies between 600 to 650 nm.
In addition, the derivatives of Ru(bpy)3
2+ were also shown their own contri-
bution to ECL as luminophores. The linkage of aliphatic acids or aldehydes to the 
Ru(bpy)3
2+ molecule gives different kind of luminophores called as acrylates. 
The ECL emission wavelength of Ru(bpy)3
2+ was tuned by linking the different 
aliphatic compounds in acrylates (640 nm to 700 nm). And also, the Ru(bpy)3
2+ 
conjugated with Schiff bases shown self-enhanced ECL signal with more intense 
light than Ru(bpy)3
2+ molecule [11]. The enhanced ECL signal intensity is due 
to the resonance structure of imino radicals and presence of phenolic hydroxyl 
groups. Further, Ru(bpy)3
2+ and its derivatives like Ru(bpy)3
2+ dendrimers, 
and polypyridyl Ru-complexes used as a luminophore to study the bipolar ECL, 
microfluidic based ECL, wireless ECL [12, 13]. Apart from this, immobilization 
of Ru(bpy)3
2+ molecule on polymer-coated electrodes shown new trend and 
remarkable ECL behaviour and created a solid-state platform for various kinds 
of analytical applications. In this context, Ru(bpy)3
2+ incorporated on Nafion 
coated graphite electrode shows unusual ECL behaviour than solution-phase ECL 
system [14]. In similar way, Ru(bpy)3
2+ on Nafion coated glassy carbon electrode 
(GCE) shown three ECL signals in co-reactant free oxygen saturated phosphate 
buffer solution (PBS).
Because of the excellent ECL behaviour exhibition by Ru(bpy)3
2+ molecule, 
researchers tuned intrinsic properties of the Ru(bpy)3
2+ molecule by introduc-
ing different functional groups into the parent Ru(bpy)3
2+ and have been used in 
different analytical applications. In particular, Ru(bpy)3
2+ utilized as an ECL probe 
in the detection of immunoassays [15], for example, the methylcytosine which 
belongs to a class of immunoassay detected by using ECL sensing method [13]. The 
DNA detection by ECL method has carried out by using Ru(bpy)3
2+ molecule as 
ECL active material [16]. The double-standard DNA was detected by label-free ECL 
method using Ru(phen)3
2+ as an ECL luminophore [17]. Apart from this, the ECL 
of Ru(bpy)3
2+ also used in metal ions detection, bio-imaging, aptamer detection 
and other intracellular studies [13]. The schematic diagram is shown (Figure 4) the 
overall Ru(bpy)3
2+ based ECL applications.
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2. Specific examples of Ru(bpy)3
2+ and its derivatives for ECL studies
The ECL properties of various categories of Ru-based luminophores such as Ru 
(bpy)3
2+, Nano materials doped with Ru(bpy)3
2+ molecule, and Ru(bpy)3
2+ immo-
bilized on Nafion coated electrode are discussed below.
2.1 ECL of Ru(bpy)3
2+ complex
The ECL of luminophore/co-reactant system follows only co-reactant mecha-
nism either oxidative-reduction or reductive-oxidation mechanism. The initial 
discovery of Ru(bpy)3
2+ as luminophore shown an avenue in ECL and created a way 
to study the various ECL reactions. The ECL of Ru(bpy)3
2+ along with co-reactant 
is playing a vital role in broadening the ECL studies. Interestingly the ECL of 
Ru(bpy)3
2+/TPrA system follows both co-reactant and annihilation mechanism. 
In the case of the co-reactant mechanism TPrA gets oxidized to form TPA● and 
Ru(bpy)3
2+ produces Ru(bpy)3
3+ upon oxidation. The TPA● reduces the Ru(bpy)3
3+ 
to excited Ru(bpy)3
2+ molecule which emits light (Figure 5A). But in the annihila-
tion mechanism, Ru(bpy)3
2+ electrochemically oxidizes to Ru(bpy)3
3+ and the TPA● 
directly reacts with Ru(bpy)3
2+ to produces Ru(bpy)3
1+, then electron transfers from 
Ru(bpy)3
1+ to Ru(bpy)3
3+ and generates excited Ru(bpy)3
2+ molecule which emits 
light (Figure 5B).
In the reductive-oxidation mechanism, the ECL of Ru(bpy)3
2+ occurs along 
with S2O8
2−, hydrogen peroxide (H2O2), and glutathione as co-reactants. The ECL 
of Ru(bpy)3
2+ with glutathione is quite interesting because when the reduced 
Figure 4. 
Schematic illustration of ECL based applications using Ru(bpy)3
2+ as a active probe.
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glutathione (GSH) used as a co-reactant the ECL is ROS dependent. Initially, 
GSH reacts with reactive oxygen species (ROS) which are produced during the 
oxygen reduction reaction to forms GS●, then Ru(bpy)3
2+ reduces to Ru(bpy)3
1+ 
by electrochemically and electron transfers from Ru(bpy)3
1+ to GS● leads to the 
generation of excited Ru(bpy)3
2+ which emits light (Figure 6A). But in the case 
Figure 6. 
ECL reaction mechanism of Ru(bpy)3
2+/GSH (A) and Ru(bpy)3
2+/GSSSG system (B).
Figure 5. 
ECL reaction mechanism of Ru(bpy)3
2+/TPrA system (A, B). Copyright © 2002, American Chemical Society.
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of oxidized glutathione (GSSG), ECL is ROS independent, where the GS● forms 
directly by reacting with Ru(bpy)3
1+ after that excited Ru(bpy)3
2+ obtained by 
reacting with Ru(bpy)3
1+ and then light emission occurs (Figure 6B). However, 
the in-situ generated co-reactants were also utilized in order to study the ECL 
reaction by taking the Ru(bpy)3
2+ as a luminophore [9]. Hence, Ru(bpy)3
2+ is 
acting as a model and benchmark luminophore over the others. However, in 
order to improve further ECL light emission intensity, researchers were devel-
oped Ru(bpy)3
2+ derivatives by doping with nano-materials, the results are 
discussed below.
2.2 ECL of Ru(bpy)3
2+-doped with nanomaterials
Doping of nanomaterials with Ru(bpy)3
2+ leads to the newer generation of ECL 
luminophores. The nanoparticles with the functional groups like thiols, amines, 
and silicates easily covalently bind with Ru(bpy)3
2+ and its derivatives to gives 
highly luminescent luminophores. The Ru(bpy)3
2+-doped nanomaterials have 
several advantages over conventional ECL luminophores. At first, a huge number 
of luminophore molecules could be encapsulated in a single target molecule site 
secondly the self-quenching properties of luminophores will be minimized and 
also the external quenchers like oxygen and water molecules are screened [18]. 
In this sequence, Ru(bpy)3
2+ molecule were covalently linked with doped silica 
nanoparticles (Ru(bpy)3
2+-DSNPs) showed bright ECL signal in 0.1 M acetonitrile 
with Tetrabutylammonium hexafluorophosphate (MeCN/TBAPF6) potential scan 
from -1.6 V to +1.5 V [18]. This ECL signal is obtained by annihilation route in the 
absence of a co-reactant. Further, interesting ECL results were shown by making 
Figure 7. 
(A, B) ECL reaction mechanism of DSNP/TPrA system. Copyright © 2009, American Chemical Society. 
The schematic representation of ECL generation in Ru-DSNP/TPrA system (C) Copyright © 2015, American 
Chemical Society.
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a self-assembled monolayer (DSNPs-SH SAM) on a gold electrode surface in the 
presence of TPrA [18].
There are two ECL signals were obtained at 0.91 V and 1.23 V during the 
potential scan from 0 to 1.6 V in 0.1 M phosphate buffer solution (PBS). For the 
first cycle, the ECL at 0.91 V is much intense than the second peak (at 1.23 V) [18]. 
In general, the TPrA oxidation on a gold electrode is prevents in PBS because of 
Au-oxide formation, but DSNPs-SH SAM formation on gold surface creates hydro-
phobic nature and suppresses the Au-oxide formation. The hydrophobic formation 
allows the direct oxidation of TPrA and generates more number of TPA● which 
directly reduces the Ru(bpy)3
2+ (in DSNPs) to form Ru(bpy)3
1+. Then Ru(bpy)3
1+ 
oxidized by reacting with TPrA●+ to generates excited Ru(bpy)3
2+ molecule which 
emits light at 0.91 V (Figure 7A). The second peak at 1.23 V is due to electrochemi-
cal oxidation of both TPrA and Ru(bpy)3
2+ molecule (see Figure 7B). On the second 
cycle onwards the first ECL (at 0.91 V) was disappeared whereas the peak at 1.23 V 
remains as such because the DSNPs-SH SAM detaches from the electrode surface. 
This again leads to further Au-oxide growth on Au surface and suppresses the TPrA 
oxidation, obviously decreases ECL intensity at 0.91 V. Similarly, Ru-DSNP/TPrA 
exhibits ECL in PBS, the emission is due to the electron hopping between the elec-
trode and Ru(bpy)3
2+ as well as between two adjacent Ru(bpy)3
2+ presents on DSNP 
as shown in Figure 7C. Another attempt has been carried out by covenant linkage 
of nitrogen-doped carbon nanodots (NCNDs) with the Ru(bpy)3
2+ molecule. The 
NCNDs acting as co-reactant which is electrochemically oxidized at electrode to 
produce reactive radicals which have the capability to form excited Ru(bpy)3
2+ 
molecule in generating the ECL [19]. This kind of doping of nanomaterials with the 
Ru(bpy)3
2+offers in enhancing the ECL intensity of Ru(bpy)3
2+ and leads to create a 
new platform for various analytical applications.
2.3 ECL of Ru(bpy)3
2+ immobilized on Nafion coated electrodes
The immobilization of Ru(bpy)3
2+ into the Nafion coated electrode surface 
either by chemical or electrochemical methods develops a highly stable and intense 
solid-state ECL platform. The solid-state ECL has several advantages over solution-
phase ECL system. The minute amount of luminophore is sufficient to study the 
ECL reaction, the luminophore molecule could be regenerated on the electrode 
surface and also the solubility problem could be overcome. The Nafion is a cation 
exchange polymer with chemically inert and high thermal stability. It is used for 
immobilization of positively charged species like Ru(bpy)3
2+ molecules. The first 
reports on immobilization of Ru(bpy)3
2+ into the Nafion coated electrodes by 
Rubinstein and Bard have been extended to lot of studies on ECL reactions [20]. 
The ECL intensity of Ru(bpy)3
2+ controlled by varying the Nafion concentration, 
thickness of the Nafion coating on the electrode surface and amount of loading of 
luminophore. For example, the bright ECL observed for Ru(bpy)3
2+ immobilized on 
Nafion Langmuir-Schaefer coated GCE in the presence of TPrA, the highest intense 
ECL signal obtained for 20 layers coated electrode [21]. In a similar way, Ru(bpy)3
2+ 
immobilized on Nafion coated GCE electrode exhibited three ECL signals in oxygen 
saturated PBS [22]. The highest ECL intensity was observed when the 6.58 μm 
thickness of Nafion is coated on the electrode surface. In addition, the modified 
GCE surfaces also utilized to immobilize the Ru(bpy)3
2+ and studied the ECL reac-
tions in order to explore a different kinds of applications [23].
However, the immobilization of Ru(bpy)3
2+ on Nafion coated noble metal 
surfaces like gold electrode shown superior ECL behaviour over the carbon based-
electrodes. For instance, Ru(bpy)3
2+/Nafion/gold electrode shown unique and 
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unusual ECL properties [24]. The ECL obtained at very less cathode potentials 
without co-reactant in the potential region of 0 to 1.2 V in PBS. The ECL spectrum 
reveals that the observed ECL is because of the formation of excited Ru(bpy)3
2+ by 
electrochemical reaction. Similar way, the ECL of Ru(bpy)3
2+ which is presents on 
Nafion coated nanoporous gold electrode (NPG) is abnormal than the conventional 
system [25]. In this system Ru(bpy)3
2+ molecules is immobilized electrochemically 
in the acidic electrolyte, as prepared Ru(bpy)3
2+/Nafion/NPG composite used to 
study the ECL in PBS. There is a bright ECL signal obtained at less cathode potential 
(at 0.1 V vs Ag/AgCl) during the potential sweep from 0 to 1.6 V to -1 V. The in-situ 
generated hydroxyl anions (OH−) from the NPG surface during the reduction play-
ing a key role to gets the ECL at very less potentials. As shown in Figure 8, the NPG 
get oxidized during the potential scan from 0 to 1.6 V to form a gold-hydroxide 
layer (Au-OH3). At the same time, the Ru(bpy)3
2+ which is immobilized on the 
electrode surface (Ru(bpy)3
2+/Nafion/NPG) also undergoes oxidation to forms 
Ru(bpy)3
3+ intermediate. During the reduction, the Au-OH3 converts into Au
0 and 
liberates OH− ions. The presence of Nafion does not allow diffusion of OH− ions 
from electrode surface to bulk electrolyte solution. It results in generation of OH● 
by reacting with Ru(bpy)3
3+. Then an energetic electron transfer arises from OH● 
to Ru(bpy)3
3+ leads to the generation of excited Ru(bpy)3
2+ molecule which emits 
light as indicated in Figure 8. This type of solid-state ECL which is obtained at 
very less potentials has several advantages and also has scope in various analytical 
application points of view. The recent trend in ECL is involving in the development 
of solid-state ECL for point-of-care applications. The immobilization of lumino-
phores on polymer-coated electrodes helps in creating a solid-state platform in 
improving the ECL signal intensity as well as could be useful in different analytical 
applications.
Figure 8. 
The schematic representation of solid-sate ECL mechanism involving in Ru(bpy)3
2+/Nafion/NPG composite in 
0.1 M PBS (pH 7.4).
Ruthenium - An Element Loved by Researchers
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3. ECL applications
The ECL technique has several distinct advantages over many other detection 
systems, such as ECL provides excellent sensitivity with a detection limit at very low 
concentrations (subpicomolar) because of no background signal and an extremely 
wide dynamic range of orders of magnitude. Also, it allows the coupling of mul-
tiple labels to oligonucleotides or peptides without affecting immune reactivity. 
Finally, the simple instrumentation, the highly sensitive and rapid measurement, 
high-throughput analysis, made ECL a powerful detecting tool in the ultrasensi-
tive detection of biomarkers. Therefore, it is of more interest among researchers 
to improve sensitivity and extend the applications of ECL immunoassays, DNA 
sensing, Bio-imaging, and point-of-care applications. Most of the ECL analysis 
studies utilize Ru(bpy)3
2+ and its derivatives as ECL probe. The role of Ru(bpy)3
2+ 
as an ECL label in different kind of sensing applications are discussed in a detailed 
way as follows.
3.1 Immunoassays sensing
One of the most important analytical applications of ECL is the use of com-
mercial bioassay based on the Ru(bpy)3
2+/TPrA systems. In which the derivatives 
of Ru(bpy)3
2+ are used as ECL-active labels and TPrA as an efficient co-reactant. 
In the area of clinical diagnosis, multi-component detection is highly adapted than 
single-component detection. A sandwich-type ECL immunoassay array was used 
for the detection of multiple protein detection by incorporating the antibody coated 
single-walled carbon-nanotube (SWCNT) forest micro wells surrounded by the 
hydrophobic polymer [26]. These carboxylated SWNTs offers a more conductive 
surface area for the attachment of capture antibodies for Prostate-Specific Antigen 
(PSA) and interleukin-6 (IL-6) at the bottom of different micro-wells by amidiza-
tion. The ECL signals were measured with the CCD camera, and the limit of detec-
tion for the PSA and IL-6 was observed to be 1 pg mL−1 and 0.25 pg mL−1, which is 
better than the commercially available bead-based protein measurement systems. 
As shown in Figure 9, the ECL enzyme-linked immunosorbent assay was developed 
and used to determine the methyl-cytosine in DNA [27]. The anti-methyl cytosine 
antibody conjugated with acetylcholinosterase, in which the acetylcholinosterase 
converted acetylthiocholine (substrate) to thiocholine (product). This thiocholine 
Figure 9. 
Scheme for the principle of ECL determination of methyl-cytosine. Copyright © 2012, American Chemical 
Society.
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is a bifunctional molecule that exhibits both the effect of ECL acceleration and 
surface accumulation via gold-thiol binding. Due to the accumulation and accelera-
tion effect on ECL, the quantitative measurement of methyl-cytosine was found 
to have higher sensitivity with the linear range from 1 pmol to 100 pmol, which 
is sufficient to achieve the real DNA measurements. In order to increase the ECL 
emission intensity of the Ru(bpy)3
2+-derivatives based ECL system, a novel and 
the self-enhanced ECL luminophore of the Ru(II) complex was developed by using 
the poly(ethylenimine) as a co-reactant, and also to form a coil-like nanocomposite 
with [Ru(bpy)2(5-NH2-1,10-phen)
2+] [28]. By adopting the self-enhanced ECL 
luminophore in the sandwich-type ECL immunoassay, ultrasensitive detection of 
apurinic/apyrimidinic endonuclease-1 was demonstrated for the first time with the 
improved detection sensitivity from pg mL−1 to fg mL−1.
The ultrasensitive detection of human C-reactive protein (CPR) was demon-
strated by the addition of multiple Ru(bpy)3
2+ to a single antibody with the encap-
sulation of a hydrophobic compound in the polystyrene microbeads [29]. With the 
sandwich-type immunoassay, a high sensitive CPR detection has been achieved 
with the detection limit as low as 0.01 μg mL−1. The obtained LOD was found to be 
lower than the presently available high-sensitive CPR assay systems. Based on the 
previous work, a similar idea of holding multiple labels was developed by the prepa-
ration of sub-micrometer-sized liposomes containing Ru(bpy)3
2+ as the ECL-active 
labels for CPR immunoassay. The addition of 0.1 M TPrA in the electrolytic solution 
(0.1 M PBS) containing 0.1 M NaCl and 1% Triton X-100, the release of the ECL 
label Ru(bpy)3
2+ from the liposome can be realized. The above described approach 
allows the bioassay to be carried out in the aqueous solutions, which is compatible 
with the currently available commercial ECL instrumentation. Later, this work has 
been extended to the application in detecting hemagglutinin, which plays a signifi-
cant role in the influenza virus infection.
3.2 DNA sensors
DNA detection is of great importance in the areas of clinical testing, forensics 
analyses, gene expression analysis, and biological warfare agent detections. ECL 
has been used as a powerful analytical tool in the DNA probe assays. Similar to the 
ECL immunoassays, DNA probe assays is also based on the Ru(bpy)3
2+/TPrA ECL 
Systems. Generally, ECL DNA probe assays can be classified into two types: (1) 
Label-free, and (2) Label ECL detection [13, 30]. In the year of 1991, Blackburn et 
al. first reported the use of ECL of Ru(bpy)3
2+ in developing the immunoassay and 
DNA probe assay for clinical diagnostics [31]. The general principle for the detec-
tion of DNA using the ECL label is outlined in Figure 10A. In this strategy, the  
ssDNA is immobilized on the electrode surface, and followed by attachment of the 
complementary target strand ssDNA tagged with the ECL label hybridizes with 
the immobilized ssDNA. Then the electrode assembly is placed in an electrolyte 
solution containing the co-reactant and allowed for the measurement of ECL [32]. 
Later, Xu et al. developed the ECL biosensor for the detection of DNA, based on 
the adsorption reaction on the film modified electrode surface. In this work, firstly 
tagged ssDNA was immobilized on the electrode surface coated with an organized 
aluminium phosphate film. By immersing the film in the DNA solution, the amount 
of immobilized DNA-Ru(bpy)3
2+ was determined by the ECL emission resulting 
from the electrochemical oxidation of Ru(bpy)3
2+ and TPrA in the solution [33]. An 
ultrasensitive ECL method has been developed for the detection of DNA hybridiza-
tion by using polystyrene microspheres/beads, as the carriers of a huge numbers 
of hydrophobic ECL-active labels Ru(bpy)3[B(C6F5)4] as shown in Figure 10B. The 
label-free ECL DNA detection was achieved based on the catalytic oxidation of 
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guanine and adenine base using a glassy carbon electrode modified CNT/Nafion/
Ru(bpy)3
2+ has been reported [34]. The ECL signals for the dsDNA and their 
denatured counterparts could be detected with a very lower concentration of 30.4 
nM and a single-base mismatch gene p53 gene sequence segment was detected with 
the concentration of 0.4 nM.
3.3 Bio-imaging
An important breakthrough in the analytical application of the ECL tech-
nique is the combination of this transduction technique with microscopy. The 
combination of ECL along with a microscope leads to marvelous investigation in 
imaging of cell and tissue of living beings, nanomaterial imaging, and imaging of 
single-particle collisions [35]. The ECL imaging setup consists of (i) bright-field 
microscopy, (ii) a potentiostat, and (iii) the charge-coupled device (CCD) for 
recording the image [36]. The ECL emission signal is directly proportional to the 
concentration of the luminophore and the co-reactant; hence, the ECL technique 
enables the sensitive detection and quantification of both luminophore and the 
co-reactant. This widens the application of the ECL technique in detecting various 
biomolecules, such as proteins, enzymatic substrates, and nucleic acids.
In the most of Bio-imaging analysis, the Ru(bpy)3
2+ molecule utilized as the 
ECL luminophore due to high quantum efficiency. For example, Valenti et al. used 
Ru(bpy)3
2+ as ECL label in imaging the single Chinese Hamster Ovary (CHO) cell 
[37]. Initially, the cells are cultured on a glassy carbon electrode and incubated with 
biotin X which is capable of reacting with amino groups of the protein. Then the 
Figure 10. 
Schematic diagram of solid-state ECL detection of DNA hybridization (A) Copyright © 2003, American 
Chemical Society. Schematic diagram of DNA hybridization on a polystyrene bead as the ECL label carrier 
and a magnetic bead for the separation of analyte-contained ECL label/polystyrene beads (B) Copyright © 
2004, American Chemical Society.
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Ru(bpy)3
2+ molecule is labeled with streptavidin (SA@Ru). The biotin group reacts 
with SA@Ru and attaches the cell membrane throughout the ECL measurements 
as shown in Figure 11a. Further similar strategy used to imaging the MCF10A cell, 
in this case, CNT electrode used to incubate the cells and Ru(bpy)3
2+ labeled with 
monolocal antibody (Ab@Ru) serves as ECL probe as shown in Figure 11b. The 
ECL imaging has performed in the PBS (pH 7.4) containing TPrA at anodic applied 
potential of 1.35 V. Figure 11c and d displays the PL image and ECL image of CHO 
cells on GC electrode. PL image shows a spatial distribution of SA@Ru labels 
with an entire cell appearance (Figure 11c). But in the case of the ECL image, the 
cell border glows with red color whereas cell nucleus is dark (Figure 11d). This is 
because ECL labels (SA@Ru) specifically located on the target cell. Thus the ECL is 
more specific to image single cell over the PL. Similar kind of results was observed 
in the case of MCF10A cell, the PL shows the emission of the light entire the cell 
(Figure 11e) whereas ECL image emits light only at a specified cell membrane 
(Figure 11f). Apart from this, the microelectrode arrays also used in single cell 
imaging by adopting ECL strategy [38].
3.4 Aptamer-based sensors
Aptamers are peptide or oligonucleotide molecules and also a functional DNA 
or RNA structures. Aptamers can specifically bind with small molecules as well as 
peptides and proteins. Aptamers exhibit remarkable advantages over conventional 
molecular recognition systems like antigen-antibody interactions because of their 
easier synthesis protocols, simple labeling, and high stability [30]. The combination 
ECL tool along with aptamer showed attractive results in biosensor applications 
and several aptamer-based ECL biosensors have been developing to detect small 
Figure 11. 
The schematic illustration of principle involving in ECL imaging (a, b) PL and ECL images of SA@Ru 
attached CHO cells (c, d) and PL, ECL images of Ab@Ru attached MCF10A cells (e, f) Copyright © 2017, 
American Chemical Society.
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molecules. In most of the aptamer-based ECL sensors, the Ru(bpy)3
2+ molecule 
and its derivatives using as ECL label along with TPrA as co-reactant, due to unique 
and high quantum efficiency. For example, thrombin was detected by Ru(bpy)3
2+ 
molecule as ECL probe, in this the captured aptamers with AuNPs labels were 
immobilized on thiolated ITO electrode via Au-S linkage and then catches the target 
aptamer [39]. After that, the Ru(bpy)3
2+ molecule label was tagged with aptamer 
and studied the ECL experiments in TPrA containing PBS. This ECL strategy 
allows the detection of thrombin at a very low level with 10 nM of LOD. In addition 
to this, thrombin is detected by using tris(1, 10-phenanthroline) ruthenium ion 
(Ru(phen)3
2+) intercalated into double standard DNA (dsDNA) as ECL sensing 
probe along with antithrombinthiolated aptamer [40].
The modification of gold electrode for ECL sensor is shown in Figure 12. Initially, 
the gold electrode soaked in a solution containing 2-mercaptoethanol in order to 
block the electrode exposing surface, then antithrombin aptamer adsorbed on the 
electrode surface as shown in Figure 12A. After that ds-DNA is placed between 
the aptamer and ss-DNA to intercalate the luminophore molecule (Figure 12B). 
To intercalate the Ru(phen)3
2+ into the ds-DNA, the modified electrode is dipped 
in the ds-DNA solution. ECL experiments performed in PBS (pH 7.5) containing 
TPrA, a sharp ECL signal observed at 1.1 V which is due to the energetic electron 
transfer between reactive intermediates of Ru(phen)3
2+ and TPrA. The ECL intensity 
decreases during the addition of 5 pM of thrombin into the electrolytic solution [40]. 
The decrease in the ECL signal is due to the detachment of Ru(phen)3
2+ molecule 
from ds-DNA and occupation by thrombin as indicated in Figure 12D. This ECL 
methodology provides to sense the thrombin in the range of 0.05 to 50 pM with the 
detection limit of 0.02 pM.
Figure 12. 
Schematic representation of the principle involving in thrombin detection by aptamer-based ECL sensor.  
(A) The adsorption of thiolatedantithrombin aptamer on and the 2-mercaptoethanol block to the electrode. 
(B) The formation of the ds-DNA between aptamer and its complementary ss-DNA. (C) The intercalation 
of Ru(phen)3
2+ into the ds-DNA sequence. (D) Dissociation of ds-DNA and release of Ru(phen)3
2+ due to the 
interaction between thrombin and its aptamer, resulting in the decreased ECL emission which was used to quantify 
thrombin. Copyright © 2009, American Chemical Society.
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3.5 Metal ion detection
Heavy metal ions such as Hg, Pb, Sn and, Cd are highly toxic and undegradable, 
causes serious health issues to humans [41]. The heavy metal ions migrate into the 
soil from industrial wastage, pesticides, fertilizers, spilling of petrochemicals. As 
migrated metal ions contaminants food and food security has become a worldwide 
worry. For the past few decades, the ECL has been using as one of the leading 
analytical technique in detecting such metal pollutants in food as well as soil. In this 
context, bipolar ECL (BP-ECL) has employed in detecting the Cu2+ and Cd2+ ions 
[42]. This method offers high sensitivity, low cost and provides both qualitative 
and quantitative information. The mixed luminophores of Ru(bpy)3
2+ molecule 
along with Ir(ppy3) acting as ECL sensing probe. The multicoloured ECL emission 
is obtained at 540 nm (green) 610 nm (orange) at the driving potential of 5.5 V in 
the presence of both luminophores along with TPrA. The BP-ECL method offers the 
determination of Cd2+ ion in the range of 1 μM to 75 μM with the limit of detection 
of 0.094 μM (10 ppm) and also the Cu2+ ion detected within the dynamic range of 
0.1 μM to 1/75 μM with 0.008 μM of LOD. In addition to this, Ru(bpy)3
2+ linked 
with crown ethers used as an ECL probe to determine the Pb (II) ion [43], and also 
the solid-state ECL has been employed by using Ru(bpy)3
2+ as an ECL probe to 
detect the Pb (II) ion in trace level [44]. The Pb(II) ion detected in the linear range 
of 1x10−6 μM to 1x102 μM by ECL turn-off method. Another class of heavy metal Hg 
(II) ion detected by the employing cathodic ECL of Ru(bpy)3
2+/NHS system [45]. 
This system includes the zero background signal, wide dynamic detection range 
and highly sensitive and selective to detect Hg (II) in physiological pH. The ECL 
intensity gradually increases upon each addition of Hg (II) ion into the solution in 
the linear range of 0.001 μM to 20 μM. This cathodic ECL method shows the limit 
of detection of 0.1 nM towards Hg (II) detection without interfering with other 
metal ions.
3.6 Point-of-care applications
Now a day’s ECL becomes one of the dynamic, highly sensitive, and well 
established tools in point-of-care applications. ECL strategy has been used in 
the fabrication of point-of-care testing devices (POCT) like ECL detectors, 
Figure 13. 
Schematic diagram of a paper-based microfluidic ECL sensor. Using inkjet-printed paper fluidic substrates 
and screen-printed electrodes, this ECL sensor can be read with mobile phone cameras. Copyright © 2011, 
American Chemical Society.
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bipolar ECL devices, wireless ECL, and microfluidic chips. These POCT devices 
are designed by using luminophores as sensing probes, the Ru(bpy)3
2+ is a 
benchmark material among the various luminophores due to high quantum 
efficiency. The portable devices with lower prices could be useful for hospital/
nonhospital purposes. The paper-based ECL sensors are one of the best cheap-
est ECL devices to detect biological molecules at trace level [46]. This type of 
ECL sensor has advantages that possess high sensitivity, selectivity, and rapid 
detection. The paper-based microfluidic devices made by patterning the papers 
into hydrophilic channels separated by hydrophobic barriers which allow the 
uniform distribution of samples into the regions. The photoresist materials like 
wax, polydimethylsiloxane, alkylketene dimer, polystyrene, poly(o-nitrobenzyl 
methacrylate), fluorochemicals, methylsilsesquioxane, and toner used as hydro-
phobic barriers [47]. Yan et al. developed a paper-based ECL 3D device. The 
device made with two different kinds of patterned cellulose papers called paper-
A and paper-B. These two papers were converted into screen printed working 
paper electrode (SPWPE) by using carbon paste, the Ag/AgCl used as a refer-
ence electrode. As fabricated SPWPE used for point-of-care applications. The 
Ru(bpy)3
2+ used as an ECL sensing probe along with TPrA as a co-reactant. The 
ECL signal intensity enhanced by 10-fold in the presence of CEA antibody [46]. 
Apart from this, microfluidic-based ECL sensor shown much attention in point-
of-care applications due to flexibility, cheaper cost, portability, and porosity. 
Figure 13 represents the schematic illustration of paper-based the microfluidic 
ECL sensor device. The inkjet printing is used to prepare microfluidic substrate, 
then it is combined with screen-printed electrodes which produce portable, 
disposable and photo-detectorless ECL sensor device. Initially, the printed paper 
based microfluidic filled with 13 μl of 10 mM Ru(bpy)3
2+ solution and allowed 
to dry. After drying the paper microfluidic substrate is further laminated on 
Zensor screen-printed electrode (SPE) with 80 μm thickness. The small slit is 
made during the lamination to introduce the sample. The Ru(bpy)3
2+ serves 
as ECL sensor probe and the mobile phone used to detect the ECL signal. The 
conventional photodetector used to detect the DBAE and NAD in the range of 0.9 
μM and 72 μM respectively. In addition to this, the wireless ECL and bipolar ECL 
sensors also used as in fabricating the point-of- care testing devices for hospital/
nonhospital purposes.
4. Conclusions and future perspective
The Ru(bpy)3
2+ and its derivatives play a crucial role in the development of 
ECL based sensor devices. Due to its chemical stability, confined electrochemical 
behaviour, and high ECL quantum efficiency, Ru(bpy)3
2+ complex acts as one of the 
best model luminophores. The variety of ECL experiments were studied by using 
different forms of Ru(bpy)3
2+ like Ru-chelates, doped nanoparticles-Ru(bpy)3
2+ and 
polymer-Ru(bpy)3
2+ complex and used as an ECL label in detecting the immunoas-
says, DNA detection, aptamer sensing, bio-imaging, and metal ion sensing. The 
dynamic and progressive ECL of Ru(bpy)3
2+ also offers to use it as a sensing probe 
in point-of-care testing devices such as portable ECL sensor devices, wireless ECL 
kits, paper-based microfluidic ECL devices, and bipolar ECL devices. Moreover, 
these kinds of ECL-based sensor kit will extent to the development of sensing of 
food adulterants to detect the toxic, hazardous and harmful compounds in food. In 
near future, the fabrication of Ru(bpy)3
2+ based ECL sensor kits will be useful in 
various clinical diagnostic applications, pharmaceutical, and other point-of-care 
applications.
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